We have used computational quantum chemistry to investigate the thermochemistry of α--hydrogen abstraction from the full set of amino acids normally found in proteins, as well as their peptide forms, by •OH and •SH radicals.
Introduction
Hydrogen--atom abstraction from amino acid residues in peptides and proteins is a critical event that may lead to fragmentation of the peptide chains. 1 Such degradation processes are associated with pathological conditions including ageing, cancer, and neurodegenerative disorders. 2 In general, the fragmentation occurs more readily from backbone α--radicals. From a biological perspective, it is relevant that, although α--radicals are often subject to large stabilization associated with captodative interactions, 3 as reflected for example in the calculated α--C-H bond dissociation enthalpies of the natural amino acids, 3b,d,4 α--hydrogens are in fact, remarkably, quite inert towards abstraction by electrophilic radicals. 5 The contrathermodynamically slow α--abstraction is often rationalized in terms of so--called "polar effects". 6 Thus, the σ--electron--withdrawing nature of the α--substituents renders the α--carbon electron deficient. This, coupled with electrophilic attacking radicals (e.g., •Cl), results in a destabilization of the α--transition structure. 7 Although α--abstraction reactions are, arguably, of less biological relevance than side--chain reactions because they occur less frequently, they are of interest from the perspective of quantum chemistry computations. The α--radicals (and the transition structures that lead to their formation), with their direct interactions with both the amino and carboxyl substituents, represent a system that may potentially be challenging for theoretical methods.
In a series of studies, 8 we have used computational quantum chemistry to investigate the fundamentals of the polar effect in relation to hydrogen abstraction from amino acid derivatives. In two of these earlier studies, 8a,c we have identified, for the specific case of hydrogen abstraction by Cl•, theoretical methods suitable for the reliable calculation of barriers and reaction energies. Since the publication of these studies, the continuing rapid development of computational chemistry methodologies has led to the emergence of numerous more advanced procedures. 9 We therefore feel that it is now appropriate to carry out a new benchmark study, in order to evaluate and, if necessary, modify our previous recommendations as to the most reliable protocols for the study of these reactions.
In the present study, we examine α--abstraction by •OH and •SH radicals from the twenty amino acids [NH 2 -CH(R)-C(=O)OH] normally found in proteins, and their peptide derivatives [CH 3 C(=O)NH-CH(R)-C(=O)NHCH 3 ]. These systems represent a diverse set of test cases that may pose potential challenges to quantum chemistry procedures. In addition, they broaden the assessment set used previously, 8 and thus serve as an independent probe for the reliability of the theoretical methodologies.
We also aim to provide our best estimated thermochemical values for these reactions using the method that we identify as most appropriate from our benchmark study, and we hope that these values complement studies into the theoretical thermochemistry of radicals. 10 
Computational Details
Standard ab initio molecular orbital theory and density functional theory (DFT) calculations 11 , 12 were carried out with Gaussian 09 13 and ORCA 3.1. 14 In our previous studies, we have recommended the use of BHandHLYP/6--31+G(d,p) for geometry optimization and subsequent vibrational frequency calculations. We have also advocated the use of the IRCmax procedure 15 in conjunction with the B2K--PLYP method 16 and a double--ζ basis set to ensure reliable transition structure geometries.
We note, however, that the IRCmax procedure only has a significant effect in a small number of the cases that we have examined previously.
We regard density--functional theory (DFT) methods to be generally quite reliable for geometry optimizations for minima and for the coordinates in the transition structures that are orthogonal to the reaction path. In addition, the reaction path can be further refined with the IRCmax procedure if necessary. Furthermore, considering the overall accuracy of thermochemical quantities obtained with scaled DFT frequencies, we believe that our previous recommendations still represent a good approach to this end. Thus, in the present study, we focus on the assessment of single--point energies obtained with a variety of theoretical procedures. For the benchmark, we initially obtain the geometries and associated thermochemical quantities with the BHandH--LYP/6--31+G(d,p) procedure without the application of IRCmax. Zero--point vibrational energies (ZPVEs), and thermal corrections for enthalpies (ΔH 298 ) and entropies (S 298 ) were obtained with scaled BHandH--LYP/6--31+G(d,p) vibrational frequencies with appropriate literature scale factors. 17 The effect of using IRCmax is subsequently included in the determination of our final values for the barriers and reaction energies using the most appropriate methods that emerge from the benchmark study.
There are potentially a large number of conformers to consider for amino acids and peptides. To this end, a recent comprehensive computational study has identified the low--energy conformers for the peptide derivatives [CH 3 C(=O)NH-CH(R)-C(=O)NHCH 3 ] of the twenty amino acids normally found in proteins. 18 In the present study, we employ these conformations in the starting geometries for optimizations of not only the peptides themselves but also the associated transition structures and product radicals. Such a choice is based on the consideration of the potential structural rigidity of amino acid residues in enzymes, such that the probability of substantial conformational changes in going from substrate to product is reduced. It is also important to note that the lowest--energy conformations would depend on the level of theory, and the conformations determined in the recent study, 18 which we employ, may not be the lowest when obtained with different methods.
In order to enable the use of higher--level theoretical procedures to obtain benchmark energies, in addition to the peptides, we also examine the (smaller) neutral amino acids [NH 2 -CH(R)-C(=O)OH]. In these cases, the initial geometries were obtained by truncating the peptide structures. We note that the amino acids may in some cases have rather different low--energy conformations when compared with the peptides. However, for benchmark purposes, we prefer to maximize the applicability of the results from the amino acids to the peptides, and therefore to maintain similar conformations between the two sets of systems.
We examine a representative set of theoretical procedures in our benchmark study. These include W1X--2, 19 which is used as our highest benchmark level, the composite procedures G4, 20 G4(MP2)--6X, 21 G4(MP2), 22 G3X(MP2)--RAD 23 and CBS--QB3, 24 the double--hybrid density functional theory (DH--DFT) procedures B2K--PLYP, 16 PWP--B95--D3, 25 DuT--D3 26 and DSD--PBE--P86, 27 the hybrid DFT methods PW6--B95, 28 ωB97X 29 and M06--2X, 30 and the non--hybrid functionals M06--L 31 and MN12--L. 32 This set of methods is chosen as they have already been widely shown to be rather accurate in many cases, including in our own benchmark studies of radical reactions. 33, 34, 35 We thus deemed it very likely that at least some of them would provide good accuracy for the systems in the present study. For the DH--DFT methods, the aug'--cc--pVTZ+d basis set was used. For the hybrid and non--hybrid functionals, we have employed the somewhat smaller 6--311+G(3df,2p) basis set.
Results and Discussion
Assessment of Theoretical Procedures with Neutral Amino Acids. We were able to obtain barriers and reaction energies for α--hydrogen abstraction by the •OH radical with the high--level W1X--2 procedure for nine of the twenty amino acids, namely Ala, Asn, Asp, Cys, Gly, Pro, Ser, Thr and Val. These are employed as our primary benchmark for the lower--level theoretical procedures. The results are shown in Table 1 (barriers) and Table 2 we deem DSD--PBE--P86 to be the most appropriate method for the investigation of the systems in the present study. We also note that the MN12--L procedure is
computationally inexpensive yet has a performance that seems to rival methods that are much more computationally demanding for this particular set. It may therefore provide a cost--effective means for the study of similar systems that are considerably larger.
Validation on Peptides: Absolute Barriers and Reaction Energies.
We now examine further a subset of the theoretical procedures for their performance in the calculation of barriers and reaction energies for hydrogen abstraction by •OH and
•SH from the α--position of peptide derivatives of the amino acids, with the general structure CH 3 C(=O)NH-CH(R)-C(=O)NHCH 3 . For this set of systems, the use of the W1X--2 protocol is computationally prohibitive with our available resources in almost all cases. We thus use the DSD--PBE--P86 procedure to obtain our benchmark values.
We note that the good performance of DSD--PBE--P86 observed for •OH abstraction from the smaller set of neutral amino acids may not necessarily lead to equally good performance for a more diverse set of somewhat different systems.
However, if there is good agreement between several medium--to high--level procedures of different types, this would suggest a degree of robustness in the calculated values. As a result, we have examined the G4(MP2)--6X, B2K--PLYP, DuT--D3, ωB97X, M06--2X and MN12--L procedures alongside DSD--PBE--P86. We will specifically assess the agreement between DSD--PBE--P86, the two other DH--DFT procedures, and G4(MP2)--6X, in order to assess the likely accuracy of the calculated barriers and reaction energies.
The MADs for the barriers and reaction energies are shown in Table  3 (Table 1 and Table 2 ) is likely to involve some fortuitous but consistent cancellation of deviations. respectively. On the other hand, DSD--PBE--P86 gives a value of 374.9 kJ mol -1 , which has a somewhat larger deviation from the W1X--2 and experimental values and, notably, is smaller than the MN12--L value by 9.8 kJ mol -1 . This suggests the existence of residual differences between the two methods that are associated with the amino acid radical/amino acid pairs. Indeed, the bond dissociation energies for the peptides are consistently being underestimated by MN12--L when compared with DSD--PBE--P86, with an MD of -11.1 kJ mol -1 and a range of -6.3 to -16.1 kJ mol -are quite systematic (Table 1 and Table 2 ) for all procedures examined. As a result, one can reasonably expect improved performance for the calculation of relative barriers and relative reaction energies, regardless of the method employed. To investigate the extent of such an improvement, we have obtained barriers and reaction energies for peptide derivatives of other amino acids relative to those for glycine. The MADs from the DSD--PBE--P86 relative quantities are shown in Table 4 . It is apparent that the improvement in performance is significant for these systems. Remarkably, even for the relative reaction energies of •SH abstraction obtained with MN12--L, the MAD is just 3.3 kJ mol -1 , despite this method giving an MAD of 20.9 kJ mol -1 for the calculation of absolute reaction energies. Overall, for the calculation of relative barriers and relative reaction energies for these systems, the typical MADs are approximately 3 kJ mol -1 or smaller. In the next section, we explore the calculation of absolute quantities using a combination of high-- and low--level methods by taking advantage of the good performance for relative quantities.
Absolute Quantities from Relative Barriers and Relative Reaction Energies.
We now proceed to examine the calculation of barriers and reaction energies using a variety of multi--layer approaches. We will employ DSD--PBE--P86 as our target level, and apply a combination of high--and low--level theoretical procedures, respectively, to the model and real systems, in order to approximate the target energies. The combination of high-- and low--level methods are: DSD--PBE--P86/M06--2X, DSD--PBE--P86/MN12--L, and M06--2X/MN12--L (Table 5 ). The single (low--)level methods M06--2X and MN12--L are also included for comparison. It is noteworthy that the approaches examined in this section are, in spirit, quite similar to some formal multi--layer methodologies such as ONIOM. 37 The recommendations associated with the results here are therefore likely to be applicable in this context.
We first look at the application of these protocols to the approximation of the Rows D-F show the results for more drastic approximations of the real system.
In all three cases, neutral glycine is used as the model system for peptides, with the lower--level theoretical method used not only to obtain the substituent effects for the side chain but also for the peptidic substitutions at both termini. (Table 3) .
These results suggest that, as long as the "reactive core" of glycine plus the radical is preserved in the model system, and both the high--and low--level methodologies are sufficiently accurate, the results obtained with such a multi--level approach should be quite accurate. This is also seen to be the case for reaction energies, where the results qualitatively closely resemble those for barriers. Thus, for the study of α--hydrogen abstractions from peptides, we deem the use of the DSD--PBE--P86(for glycine plus the radical)/M06--2X(for the effect of substituents) to provide a reasonable means of obtaining barriers and reaction energies in a cost--effective manner.
As noted earlier, the multi--layer approaches presented here are similar to some of the more formal methodologies such as ONIOM. We therefore suggest that the DSD--PBE--P86/M06--2X combination would also be appropriate when it is used with the ONIOM technique. For the investigation of large peptides for which the application of even hybrid DFT may represent a challenge, the use of a three--layer protocol may be desirable. The 298 K reaction free energies and free energy barriers obtained for the peptide derivatives of the amino acids in this manner are shown in Table 6 . We can see that the •OH abstraction reactions are highly exergonic, which can be attributed to the formation of the two stable products, namely water and the captodatively-- For the reverse reactions, the highly exergonic •OH abstractions in the forward direction (Table 6) 
Concluding Remarks
In the present study, we have investigated the performance of a range of quantum However, when one considers relative instead of absolute values, even the least costly MN12--L non--hybrid DFT procedure gives a performance that is quite comparable to that for the highest--level G4(MP2)--6X and DSD--PBE--P86 procedures.
5. We have examined a number of multi--layer schemes for the calculation of reaction energies and barriers for the α--abstraction reactions of the peptide derivatives of the amino acids. We find that accurate values for the absolute reaction energies and barriers can be obtained when a "core" of glycine plus the abstracting radical is treated by DSD--PBE--P86, and the substituent effects of the side chain and peptide derivatisation are evaluated with M06--2X. We propose
